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SUMMARY 

A laboratory experiment was conducted to determine the effects of duration 
and other noise characteristics on the annoyance caused by aircraft-flyover 
noise. A newly developed aircraft-noise synthesis system was used to synthe- 
size 54 aircraft-flyover noise stimuli representing the factorial combinations 
of 3 durations, 3 aircraft velocities, 3 sound pressure levels, and 2 tone 
conditions. Forty-eight test subjects made annoyance judgments on the test 
stimuli in a subjective test facility simulating an outdoor acoustic environ- 
ment. The judgments were made by using a graphical scale procedure similar to 
numerical category scaling. 

Statistical analyses comparing the subjective judgments with the acousti- 
cal characteristics of the stimuli in terms of several rating scales were con- 
ducted to determine the effects of duration on annoyance and the appropriate 
duration correction. The effects of tonal content and Doppler shift were also 
studied. 

A duration correction with a magnitude of 3 dB per doubling of effective 
duration, as used in the effective-perceived-noise-level procedure, was found 
to account most accurately for the effect of duration and resulted in a sig- 
nificant improvement in the annoyance-prediction ability of the rating scales. 
Current tone-correction procedures did not adequately account for the effects 
of the interaction of tonal content with sound pressure level. No significant 
effect of Doppler shift was found. 

INTRODUCTION 

The question of how the duration of an aircraft-flyover noise affects the 
annoyance of an observer on the ground has been examined in a number of previ- 
ous studies. These studies, however, have yielded widely varying conclusions 
concerning the existence and magnitude of such an effect. For example, refer- 
ence 1 indicates that annoyance increases as duration increases and requires a 
correction to the noise rating scales. The magnitude of the correction was 
found to vary as a function of duration from 2 dB to 6 dB per doubling of dur- 
ation. Reference 2 indicates that annoyance increases as duration increases 
and recommends a constant duration correction of 3 dB per doubling of effective 
duration. (The effective duration is defined as the duration of a continuous- 
level signal with energy equal to the energy contained in the flyover-noise 
signal. The energy contained in the flyover signal is based on the numerical 
integration of energy between the first and last points at which the flyover 
signal is 10 dB down from the maximum sound level.) Reference 3 concludes that 
duration does not affect annoyance and no correction is needed. Although regu- 
latory agencies such as the Federal Aviation Administration have adopted a dur- 
ation correction of 3 dB per doubling of effective duration, recent studies, 
such as that reported in reference 4 ,  raise doubt concerning both the magnitude 
and methodology of the appropriate correction. 



A review of p r e v i o u s  d u r a t i o n  s t u d i e s  i d e n t i f i e s  t h r e e  factors t h a t  appear 
to be t h e  sources of many of t h e  d i f f e r e n c e s  i n  results. As a first factor, 
many of t h e  s t u d i e s  ( r e f s .  1 and 5 to 8)  used simulated a i r c r a f t - f l y o v e r  n o i s e s  
as test  s t i m u l i .  The s imula t ed  n o i s e s  ranged from o c t a v e  bands of  broadband 
n o i s e  to j e t - eng ine  t e s t - s t a n d  no i se .  These s t i m u l i  o f t e n  had t i m e  h i s t o r i e s  
and spectra t h a t  were u n r e a l i s t i c  and n o t  r e p r e s e n t a t i v e  of real  a i r c r a f t .  

The second factor i n v o l v e s  s t u d i e s  i n  which r e c o r d i n g s  of real a i r c r a f t  
were used as test s t i m u l i  (refs. 2, 4, 7, 8, and 9) .  I n  o r d e r  to o b t a i n  
r e c o r d i n g s  of real a i r c r a f t  n o i s e s  wi th  a wide range  of d u r a t i o n s  it is 
necessa ry  to va ry  t h e  d i s t a n c e  from t h e  take-of f / landing  t h r e s h o l d  a t  which 
t h e  r e c o r d i n g s  are made. The e f f e c t s  of t h i s  change i n  d i s t a n c e  on d u r a t i o n ,  
spectral c o n t e n t ,  and Doppler s h i f t  are i l l u s t r a t e d  i n  f i g u r e  1 .  For a g iven  
a i r c r a f t - n o i s e  s o u r c e ,  f i g u r e  1 shows t h e  r e l a t i v e  v a l u e s  of d u r a t i o n ,  spec- 
t r a ,  and Doppler s h i f t  under t h e  f l i g h t  p a t h  a t  t h r e e  d i f f e r e n t  d i s t a n c e s  from 
th resho ld .  
d u r a t i o n  s t i m u l i  w i l l  have less high-frequency n o i s e  and a lower r a t e  of  
change i n  f requency  t h a n  s t i m u l i  of s h o r t e r  d u r a t i o n .  As a consequence of 
t h i s  i n a b i l i t y  to va ry  d u r a t i o n  and o t h e r  n o i s e  pa rame te r s  independent ly ,  any 
e f f e c t s  on annoyance a t t r i b u t e d  to  d u r a t i o n  may, i n  f a c t ,  be caused  by changes 
i n  spectral c o n t e n t  or Doppler s h i f t .  

When us ing  r e c o r d i n g s  of real  a i rc raf t  i n  d u r a t i o n  s tud ie s ,  long- 

The t h i r d  f a c t o r  caus ing  d i f f e r e n c e s  i n  t h e  resu l t s  of d u r a t i o n  s t u d i e s  
The foremost  example of is v a r i a t i o n s  i n  exper iment  des ign  and methodology. 

t h i s  f a c t o r  is found i n  r e f e r e n c e  5. S t u d i e s  i n  which s u b j e c t s  r e c e i v e d  
i n s t r u c t i o n s  a s s o c i a t i n g  t h e  word "dura t ion"  wi th  t h e  annoyance of a n o i s e  
produced resu l t s  i n d i c a t i n g  a d u r a t i o n  e f f e c t  of g r e a t e r  magnitude than  t h e  
d u r a t i o n  e f f e c t  i n d i c a t e d  by t h e  resul ts  of s t u d i e s  i n  which t h e  i n s t r u c t i o n s  
con ta ined  no mention of d u r a t i o n .  Two opposing e x p l a n a t i o n s  f o r  t h i s  v a r i a t i o n  
are suggested.  First ,  i n  exper iments  where a d u r a t i o n  c u e  is given,  s u b j e c t s  
may t end  t o  rank n o i s e  s t i m u l i  by d u r a t i o n  and the reby  g i v e  too much emphasis 
to  d u r a t i o n  i n  making t h e i r  annoyance judgments. The o p p o s i t e  view is t h a t ,  i n  
exper iments  where no d u r a t i o n  c u e  i s  g iven ,  s u b j e c t s  t end  t o  de-emphasize dura- 
t i o n  i n  t h e i r  annoyance judgments by r ank ing  n o i s e  s t i m u l i  acco rd ing  to  peak 
i n t e n s i t y  l e v e l s  and by making t h e i r  judgments p r i o r  t o  t h e  end of t h e  n o i s e  
s t i m u l i .  

The purpose of t h e  s t u d y  reported h e r e i n  was to  de termine  t h e  e f f e c t s  of 
d u r a t i o n  on t h e  annoyance caused by a i r c r a f t - f l y o v e r  n o i s e  i n  such a manner as 
to  avo id  t h e  f a c t o r s  t h a t  appear to  have a f f e c t e d  t h e  r e su l t s  of p rev ious  s t u d -  
ies. To avoid  t h e  problems a s s o c i a t e d  wi th  r e c o r d i n g s  of s imula t ed  and real 
a i r c r a f t  n o i s e ,  a newly developed a i r c r a f t - n o i s e  s y n t h e s i s  system was used t o  
g e n e r a t e  a set  of s imula t ed  a i r c r a f t - f l y o v e r  n o i s e s  i n  which d u r a t i o n ,  t o n a l  
c o n t e n t ,  a i r c r a f t  v e l o c i t y ,  and sound pressure l e v e l  were independen t ly  con- 
t r o l l e d  and i n d i v i d u a l l y  v a r i e d .  These s y n t h e s i z e d  n o i s e  s t i m u l i  had t i m e  
h i s t o r i e s  and s p e c t r a  r e p r e s e n t a t i v e  of real  a i r c r a f t  and sounded very  similar 
t o  real  a i r c r a f t  no i se .  To p reven t  i n s t r u c t i o n  b i a s ,  a s h o r t  t o n e  or beep 
audio  c u e  was p l a c e d  a t  t h e  end of each tes t  s t i m u l u s  and t h e  subjects  were 
i n s t r u c t e d  to  w a i t  u n t i l  they heard  t h e  aud io  c u e  b e f o r e  making t h e i r  annoyance 
judgments. 
jects. 

N o  mention of d u r a t i o n  was made i n  t h e  i n s t r u c t i o n s  g iven  t h e  sub- 
The purpose of t h i s  method was to i n s u r e  t h a t  t h e  subjects '  judgments 
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were based on the entire stimulus noise but were not biased by the specific 
mention of duration. 

In this study, 48 test subjects made judgments of the annoyance of a set 
of 54 synthesized aircraft-noise stimuli. The stimuli set included combina- 
tions of duration, tonal content, aircraft velocity, and sound pressure level 
that encompassed the range of noise parameters associated with V/STOL, SST, and 
CTOL (conventional take-off and landing) aircraft. Statistical analyses of the 
subjective judgments address the effects of duration, tonal content, aircraft 
velocity, sound pressure level, and the interactions of these parameters. The 
effects of Doppler shift are also addressed. The ability of several noise rat- 
ing scales to predict annoyance and the effect of duration corrections on that 
predictive ability are examined. 

SYMBOLS AND ABBREVIATIONS 

The following rating scales have been used in the acoustical analysis of 
the aircraft noises used in this study. Additional descriptive information 
concerning frequency weightings and computational procedures can be found in 
references 10 and 11. 

EPNL effective perceived noise level (equivalent to IPNLT), EPNdB 

LA A-weighted sound pressure level, based on the 1/3-octave bands from 
50 Hz to 10 kHz, dB 

LD D-weighted sound pressure level, based on the 1/3-0ctave bands from 
50 Hz to 10 kHz, dB 

OASPL overall sound pressure level, dB 

PL1 perceived level, according to the Stevens Mark VI1 procedure, PLdB 

PL2 perceived level, calculated as suggested by Higgins in reference 11, 
PLdB 

PNL perceived noise level, PNdB 

PNLT tone-corrected perceived noise level (FAR 36 procedure), PNdB 

The use of the capital letter "I" preceding the abbreviations of the rat- 
ing scales other than EPNL (e.g., ILA, IOASPL, IPL2, and IPNLT) denotes the 
addition of a duration correction to the calculation procedure. The correction 
procedure used is the same as that incorporated in the EPNL calculations and 
has a magnitude of 3 dB per doubling of effective duration. Effective duration 
is defined as the duration of a continuous-level signal with energy equal to 
the energy contained in the flyover-noise signal. The energy contained in the 
flyover signal is based on the numerical integration of energy between the 
first and last points at which the flyover signal is 10 dB down from the maxi- 
mum sound level. 
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Other abbreviations and symbols used herein are as follows: 

ANSI American National Standards Institute 

aOlal ,a2 constant coefficients 

CTOL 

C 

D 

D' 

FAR 

f 

f s 

h 

J 

L 

r 

SPL 

SST 

t 

V/STOL 

V 

B 

4 

4 

conventional take-off and landing 

speed of sound, 340 m/sec 

overall duration correction based on a duration-correction magnitude 
of 3 dB per doubling of effective duration, dB 

overall duration correction based on the optimum duration-correction 
magnitude expressed in terms of decibels per doubling of effective 
duration, dB 

Federal Aviation Regulation 

frequency, Hz 

source frequency, Hz 

distance of closest approach of aircraft to ground observer, m 

subjective annoyance response 

rating-scale level, dB 

Pearson product-moment correlation coefficient 

sound pressure level, dB 

supersonic transport 

duration, sec 

vertical or short take-off and landing 

aircraft velocity, m/sec 

Doppler shift parameter, v2/ch, sec-l 

angle of departure 



angle formed at the observer location between the aircraft-noise 
source and the ground track of the flight path such that 
during the approach of the source 

8 90° 

Subscript: 

max maximum 

EXPERIMENTAL METHOD 

Noise Stimuli 

Aircraft-noise synthesizer.- A newly developed aircraft-noise synthesis 
system was used to generate the noise stimuli used in this study. Program 
input consists of aircraft flight parameters and acoustical reference param- 
eters. The flight parameters include aircraft velocity, angle of approach or 
departure, and the listener's ground location in terms of sideline and down- 
range distances from the point of lift-off or touchdown. The acoustical refer- 
ence parameters are comprised of descriptive reference spectra, consisting of 
broadband and narrowband noise and harmonic tones, and of associated directiv- 
ity patterns. The input parameters are used for computations of time-varying 
aircraft position and narrowband random noise, which include the appropriate 
broadband and narrowband components, Doppler shift, directivity, and atmo- 
spheric effects . 

A block diagram of the system is shown in figure 2. The system uses a 
general-purpose computer for computations used in the generation of digital 
representations of the predicted aircraft-noise waveform. The keyboard and 
printer and the paper tape reader and punch are used for operator control and 
data input. The system computes an updated spectrum for each 0.08-sec incre- 
ment of the flyover noise. These spectra are converted from the frequency 
domain into digital waveforms in the time domain by inverse Fourier transforma- 
tion. The digital waveforms are then stored sequentially on magnetic discs. 
Upon completing the generation and storage of the digital waveforms for the 
entire noise stimulus, the waveforms are read into the buffer memory of the 
computer and through a 12-bit digital-to-analog converter at a constant rate. 
The overall time-dependent amplitude of the analog signal is controlled by a 
programmable attenuator in order to maintain the full dynamic range through- 
out the simulated flyover noise. The audio system consists of an analog tape 
recorder and an amplifier and loudspeaker for monitoring the generated flyover 
noise. 

Test stimuli.- The stimuli used in this experiment consisted of 
loudspeaker-reproduced tape recordings of 54 synthesized aircraft-flyover 
noises in which duration, Doppler shift, and tonal content were individually 
controlled by specifying aircraft velocity, altitude, and reference spectra. 
As shown in figure 3 ,  the noises represented the 54 factorial combinations of 
3 durations, 3 velocities, 3 sound pressure levels, and 2 tone conditions. 
Based on the A-weighted sound pressure level, the 10-dB down durations of the 
stimuli were 10,  20, and 40 sec. Typical time histories €or stimuli of each 
duration are presented in figure 4 .  The aircraft velocities were 40,  80, and 
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160 m/sec. Th i s  range of v e l o c i t i e s  b r a c k e t s  t h e  typical v e l o c i t i e s  of STOL, 
CTOL, and SST a i r c r a f t .  The combinat ions of a i r c r a f t  a l t i t u d e  and v e l o c i t y  
used i n  t h e  s y n t h e s i z e r  program to o b t a i n  t h e  d e s i r e d  n i n e  f a c t o r i a l  combina- 
t i o n s  of d u r a t i o n  and v e l o c i t y  y i e l d e d  f i v e  d i f f e r e n t  p a t t e r n s  of Doppler s h i f t  
as shown i n  t a b l e  I. During t h e  p r e p a r a t i o n  of  t h e  p r e s e n t a t i o n  tapes, t h e  
t h r e e  sound p r e s s u r e  l e v e l s  of each combinat ion of d u r a t i o n ,  v e l o c i t y ,  and 
spectrum were manual ly  set a t  i n t e r v a l s  of approximate ly  9 dB. The broadband 
c o n t e n t  of bo th  spectra w a s  based on t h a t  of a B-727 d e p a r t u r e .  One spectrum 
conta ined  no t o n a l  components and t h e  o t h e r  spectrum con ta ined  s t r o n g  t o n a l  
components cen te red  a t  1100 Hz and 2200 Hz. The acoustical r e f e r e n c e  i n p u t  
parameters were a d j u s t e d  so t h a t  each syn thes i zed  s t i m u l u s  had t h e  same broad- 
band spectrum a t  t h e  t i m e  of maximum A-weighted sound p r e s s u r e  l e v e l .  Fig-  
ures 5 ( a )  and 5 ( b )  show t h e  range and mean of  each 1/3-octave-band sound pres- 
s u r e  l e v e l  o c c u r r i n g  a t  and normalized by t h e  maximum A-weighted l e v e l  f o r  t h e  
group of  s t i m u l i  wi thout  t ones  and t h e  group of  s t i m u l i  w i th  tones ,  respec- 
t i v e l y .  Comparison of t h e  t w o  f i g u r e s  shows t h a t  t h e  broadband p o r t i o n  of t h e  
spectra compares ve ry  w e l l  across groups and w i t h i n  groups of s t i m u l i .  
t h e s e  f i g u r e s  t h e  e f f e c t i v e n e s s  of t h e  s y n t h e s i s  system i n  hold ing  t h e  s p e c t r a  
c o n s t a n t  across 4-to-1 ra t ios  of both d u r a t i o n  and v e l o c i t y  and f i v e  p a t t e r n s  
of  Doppler s h i f t  is appa ren t .  

From 

T e s t  S u b j e c t s  

The 48 s u b j e c t s  used i n  t h e  experiment  were randomly s e l e c t e d  from a pool 
of  local r e s i d e n t s  w i th  a wide range of socioeconomic backgrounds and were p a i d  
to p a r t i c i p a t e  i n  t h e  experiments .  
pa t ed  i n  a i r c r a f t - n o i s e - r e l a t e d  experiments .  A l l  test  s u b j e c t s  were g iven  
audiograms prior to  t h e  experiment  to  v e r i f y  normal hea r ing  w i t h i n  20 dB (ANSI 
1969) .  Table  I1 g i v e s  t h e  s e x  and age d a t a  f o r  t h e  s u b j e c t s .  

A l l  t h e  s u b j e c t s  had p r e v i o u s l y  par t ic i -  

Reproduct ion System and T e s t  F a c i l i t y  

Audio r ep roduc t ion  system.- A diagram of t h e  b a s i c  n o i s e  r ep roduc t ion  
The monophonic r eco rd ings  of t h e  syn thes i zed  system is shown i n  f i g u r e  6.  

a i r c r a f t - n o i s e  s t i m u l i  were played back on a s t u d i o - q u a l i t y  tape reco rde r .  A 
commercially a v a i l a b l e  noise- reduct ion  system which provided  a nominal 30-dB 
i n c r e a s e  i n  s igna l - to -no i se  ra t io  was used to reduce tape h i s s  to  i n a u d i b l e  
l e v e l s .  

T e s t  f a c i l i t y . -  The e x t e r i o r  e f f e c t s  r o o m  (EER) of t h e  Langley a i r c r a f t  
n o i s e  r educ t ion  l a b o r a t o r y  was used as t h e  test  f a c i l i t y  i n  t h e  experiment .  
This  r o o m  has s e a t i n g  f o r  39 s u b j e c t s  and a volume of approximate ly  340 m3. 
The r e v e r b e r a t i o n  t i m e  f o r  t h e  r o o m  is approximate ly  0.5 sec a t  1000 Hz. The 
s t i m u l i  were p resen ted  by means of s i x  overhead loudspeakers .  The 4 s e a t i n g  
l o c a t i o n s  used by t h e  s u b j e c t s  du r ing  each of t h e  1 2  test  s e s s i o n s  are ind i -  
c a t e d  i n  f i g u r e  7. 
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Expe r imen t D e s  ign 

A procedure  s imilar  to t h a t  of numerical  ca t egory  s c a l i n g  which incorpo- 
rates a g r a p h i c a l  scale w a s  chosen as t h e  psychophys ica l  method f o r  t h e  expe r i -  
ment d e s c r i b e d  i n  t h i s  report. The c h o i c e  of a method similar to numer ica l  
ca t egory  s c a l i n g  w a s  made p r i m a r i l y  to conserve  tes t  t i m e  and allow t e s t  sub- 
jects t o  make as many judgments as p o s s i b l e  d u r i n g  a f i x e d  l e n g t h  of t i m e .  The 
u s e  of a g r a p h i c a l  scale on which s u b j e c t s  cou ld  i n d i c a t e  judgments between 
numbered p o i n t s  was made i n  o r d e r  to  p rov ide  t h e  s u b j e c t s  wi th  more f l e x i b i l i t y  
i n  making t h e i r  judgments and p o s s i b l y  dec rease  t h e  v a r i a b i l i t y  i n  judgments of 
an i n d i v i d u a l  s t i m u l u s .  The scale s e l e c t e d  w a s  a u n i p o l a r ,  10-point scale from 
0 to 9. The end p o i n t s  of t h e  scale were l a b e l e d  " N o t  a t  a l l  Annoying" and 
"Extremely Annoying." The term "ANNOYING" w a s  d e f i n e d  i n  t h e  s u b j e c t  i n s t r u c -  
t i o n s  as "UNWANTED, OBJECTIONABLE, DISTURBING, or UNPLEASANT." 

Two sets of t h r e e  t a p e  r e c o r d i n g s  of t h e  v a r i o u s  s t i m u l i  were prepared  f o r  
p r e s e n t a t i o n  to  t h e  s u b j e c t s .  The f i r s t  set  c o n s i s t e d  of t a p e s  I ,  11, and I11 
and t h e  second set  c o n s i s t e d  of t a p e s  I V ,  V, and V I .  Tapes I V ,  V, and V I  con- 
t a i n e d  t h e  same s t i m u l i  as t a p e s  I ,  11, and 111, b u t  i n  r e v e r s e  order. The 
o r d e r  of t h e  s t i m u l i  on each  t a p e  is g iven  i n  table  111. The p a r t i c u l a r  o r d e r s  
were based on random s e l e c t i o n  wi th  t w o  c o n s t r a i n t s  t o  p rov ide  some measure of 
balance.  The f i r s t  c o n s t r a i n t  w a s  t h a t  each of t h e  t h r e e  d u r a t i o n s ,  t h r e e  a i r -  
c r a f t  v e l o c i t i e s ,  t h r e e  sound p r e s s u r e  l e v e l s ,  and t w o  t one  c o n d i t i o n s  should  
occur an e q u a l  number of times i n  each tape.  The second c o n s t r a i n t  was t h a t  
each of t h e  t h r e e  l e v e l s  s h o u l d  occur once i n  succeeding  groups  of three s t i m -  
u l i ,  s t a r t i n g  a t  t h e  beginning  of a tape.  A pe r iod  of 6 sec w a s  p rovided  
between s t i m u l i  f o r  t h e  s u b j e c t s  to make  and r e c o r d  t h e i r  judgments. Each 
tape reco rd ing  r e q u i r e d  approximate ly  25 min f o r  playback and se rved  a s  a test  
s e s s i o n  for t h e  s u b j e c t s .  

The s u b j e c t s  were d i v i d e d  i n t o  1 2  groups of 4 s u b j e c t s .  Each group w a s  
p r e s e n t e d  one of t h e  t w o  sets of t h r e e  t a p e s  fo l lowed by a f o u r t h  t a p e  from t h e  
o t h e r  set. The f o u r t h  tape con ta ined  t h e  same s t i m u l i  as t h e  f i r s t  t a p e ,  b u t  
i n  r e v e r s e  order. The t ape  r e c o r d i n g s  were p r e s e n t e d  to  each group i n  a d i f -  
f e r e n t  order, a s  shown i n  table IV.  The purpose of changing t h e  t a p e  order was 
to  p rov ide  a ba lanced  p r e s e n t a t i o n  t o  p r e v e n t  s u b j e c t  f a t i g u e  or o t h e r  temporal 
e f f e c t s  from unduly i n f l u e n c i n g  t h e  resu l t s .  

Procedure 

Upon a r r i v a l  a t  t h e  l a b o r a t o r y ,  t h e  s u b j e c t  groups were seated i n  a con- 
f e r e n c e  r o o m  and g iven  a set  of i n s t r u c t i o n  s h e e t s ,  a consen t  form, a p r a c t i c e  
s c o r i n g  s h e e t ,  and a set  of s c o r i n g  s h e e t s .  Copies of t h e s e  i t e m s  a r e  g iven  i n  
t h e  appendix. A f t e r  r ead ing  t h e  i n s t r u c t i o n  s h e e t s ,  t h e  s u b j e c t s  completed t h e  
consen t  form which is r e q u i r e d  of a l l  s u b j e c t s  who p a r t i c i p a t e  i n  s u b j e c t i v e  
exper iments  i n  t h e  l a b o r a t o r y .  The s u b j e c t s  were g iven  a b r i e f  v e r b a l  explana- 
t i o n  of t h e  s c o r i n g  s h e e t s  and then asked by t h e  test  conductor i f  they had any 
q u e s t i o n s  about t h e  test .  Throughout t h e  exper iment ,  t h e  same pe r son  s e r v e d  as 
t h e  tes t  conductor.  
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The s u b j e c t s  were then  ushered by t h e  t es t  conductor  i n t o  t h e  tes t  f a c i l -  
i t y  and s e a t e d  acco rd ing  to  s u b j e c t  numbers, which were randomly a s s igned  i n  
t h e  conference  room. 
t a b l e  111, w a s  g iven  whi le  t h e  test conductor  remained i n  t h e  test  f a c i l i t y .  
I n  o r d e r  for s u b j e c t s  t o  g a i n  experience i n  s c o r i n g  t h e  sounds,  they  were 
i n s t r u c t e d  t o  make  and r eco rd  judgments of  t h e  practice s t i m u l i  on t h e  prac- 
t ice s c o r i n g  s h e e t .  
any ques t ions  concern ing  t h e  tes t .  The test  conductor  l e f t  t h e  f a c i l i t y  and 
t h e  f i r s t  of fou r  tes t  s e s s i o n s  began. A f t e r  t h e  conc lus ion  of each  25-min 
s e s s i o n  t h e  test  conductor  r e e n t e r e d  t h e  test f a c i l i t y ,  c o l l e c t e d  t h e  s c o r i n g  
s h e e t s ,  and i s s u e d  new s h e e t s  f o r  t h e  nex t  s e s s i o n .  Between t h e  second and 
t h i r d  s e s s i o n s ,  t h e  s u b j e c t s  were g iven  a 15-min rest p e r i o d  o u t s i d e  t h e  test  
f a c i  1 i t y  . 

A demonst ra t ion  of t h r e e  practice s t i m u l i ,  l i s t e d  i n  

Afterwards,  t h e  t e s t  conductor  aga in  asked i f  t h e r e  were 

RESULTS AND DISCUSSION 

A c o u s t i c  Data Reduct ion 

The s t i m u l i  were measured, w i th  no s u b j e c t s  p r e s e n t ,  a t  t h e  head p o s i t i o n  
of t h e  s u b j e c t  p i c t u r e d  i n  f i g u r e  7 i n  t h e  f i r s t  r o w  to  t h e  r e a d e r ' s  r i g h t .  A 
1/3-octave-band a n a l y s i s  of t h e  measurements (ana log  f i l t e r i n g  wi th  d i g i t a l  
sampling, root-mean-square d e t e c t i o n ,  and i n t e g r a t i o n )  w a s  used t o  provide  t i m e  
h i s t o r i e s  f o r  computat ions r e q u i r e d  by t h e  r a t i n g  scales. The frequency range 
for a n a l y s i s  was band l i m i t e d  from 22.5 Hz to  22.5 kHz. For a l l  s c a l e s  o t h e r  
than OASPL, t h e  frequency range was 50 Hz to  1 0  kHz and t h e  va lues  were calcu-  
l a t e d  from t h e  measured 1/3-octave-band l e v e l s .  

Maximum l e v e l s  and du ra t ion -co r rec t ed  l e v e l s  were ob ta ined  f o r  each s t i m u -  
l u s  for each r a t i n g  scale. The du ra t ion -co r rec t ed  l e v e l s  were c a l c u l a t e d  by 
us ing  a c o r r e c t i o n  of  3 dB per doubl ing  of  e f f e c t i v e  d u r a t i o n ,  as desc r ibed  i n  
t h e  s e c t i o n  e n t i t l e d  "Symbols and Abbrevia t ions .  'I The maximum and dura t ion -  
c o r r e c t e d  l e v e l s  f o r  t h e  h i g h e s t  l e v e l  s t i m u l u s  of each combination of dura- 
t i o n ,  v e l o c i t y ,  and t o n a l  c o n t e n t  a r e  g iven  i n  t a b l e  V. The v a l u e s  of t h e  
f i r s t  s i x  r a t i n g  scales were c a l c u l a t e d  as s p e c i f i e d  i n  r e f e r e n c e  10 .  The 
PL2 c a l c u l a t i o n s  were based on a new procedure  recommended by Higgins  i n  
r e f e r e n c e  11 .  

S u b j e c t i v e  Data Reduction 

The mean v a l u e s  of  t h e  judgments were c a l c u l a t e d  f o r  each  of t h e  54 s t i m -  
u l i .  These mean v a l u e s  were used as t h e  s u b j e c t i v e  scores f o r  t h e  s t i m u l i  i n  
t h e  v a r i o u s  r e g r e s s i o n  a n a l y s e s  involv ing  t h e  r a t i n g  scales. 

R e l i a b i l i t y  of  S u b j e c t i v e  Judgments 

Each s u b j e c t  judged 72 n o i s e  s t i m u l i .  The f i r s t  54 s t i m u l i  judged con- 
s i s t e d  of t h e  complete se t  of  54 test s t i m u l i .  
were repeats of t h e  f i r s t  38 s t i m u l i  i n  r e v e r s e  o r d e r .  Regress ion  a n a l y s e s ,  
t h e  r e s u l t s  of which are g iven  i n  t a b l e  V I ,  were performed on t h e s e  r epea ted  

The l a s t  18 s t i m u l i  judged 



I 

judgments i n  t w o  ways. 
ject 's  second judgment (dependent v a r i a b l e )  on  h i s  f i r s t  judgment ( independent  
v a r i a b l e )  for each s t i m u l u s .  The second was a r e g r e s s i o n  of t h e  mean (over  
s u b j e c t s )  of t h e  second judgments on  t h e  f i r s t  judgments for each  of t h e  
54 s t i m u l i .  The Pearson product-moment c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  t w o  
r e g r e s s i o n  a n a l y s e s  were 0.722 and 0.961, r e s p e c t i v e l y .  

The f i r s t  w a s  a r e g r e s s i o n  of each  i n d i v i d u a l  sub- 

A n a l y s i s  of Variance 

I n  o r d e r  to  de te rmine  i f  t h e  main parameters of d u r a t i o n ,  v e l o c i t y ,  sound 
p r e s s u r e  l e v e l ,  and t o n a l  c o n t e n t  and/or t h e i r  i n t e r a c t i o n s  a f f e c t e d  annoyance, 
an  a n a l y s i s  of v a r i a n c e  w a s  performed on t h e  s u b j e c t i v e  judgments. N o  attempt 
w a s  made t o  d i s t i n g u i s h  between f i r s t  judgments and repeated judgments. For 
each  of t h e  54 s t i m u l i  t h e r e  were 64 judgments, 16 of which were repeats. The 
r e s u l t s  of t h e  a n a l y s i s  of v a r i a n c e  are  g iven  i n  table  V I I .  Of t h e  f o u r  main 
parameters, o n l y  d u r a t i o n ,  sound p r e s s u r e  l e v e l ,  and t o n a l  c o n t e n t  were found 
to  be s i g n i f i c a n t  a t  t h e  0.01 l e v e l .  The v e l o c i t y  parameter w a s  n o t  s i g n i f i -  
c a n t  a t  t h e  0.05 l e v e l .  Of t h e  11 p o s s i b l e  i n t e r a c t i o n s ,  o n l y  t h e  fo l lowing  2 
were found t o  be s i g n i f i c a n t  a t  a l e v e l  of 0.01: d u r a t i o n  w i t h  l e v e l  and t o n a l  
c o n t e n t  w i th  l e v e l .  N o  o t h e r  i n t e r a c t i o n s  were s i g n i f i c a n t  a t  t h e  0.05 l e v e l .  

F i g u r e  8 i l l u s t r a t e s  t h e  e f f e c t s  of d u r a t i o n ,  sound p r e s s u r e  l e v e l ,  and 
t h e  i n t e r a c t i o n  of d u r a t i o n  w i t h  l e v e l .  The f i g u r e  shows t h e  r e l a t i o n s h i p s  
between t h e  mean annoyance r a t i n g  and LA for each of t h e  t h r e e  s t i m u l i  dura- 
t i o n s .  "Mean annoyance r a t i n g "  is t h e  ave rage  of t h e  s u b j e c t i v e  annoyance 
judgments of a l l  t h e  s t i m u l i  having t h e  combination of parameters s p e c i f i e d .  
From f i g u r e  8 it is s e e n  t h a t  i n c r e a s e d  d u r a t i o n  c a u s e s  i n c r e a s e d  annoyance. 
For a g iven  l e v e l ,  t h e  magnitude of t h e  change i n  annoyance r e s u l t i n g  from a 
doub l ing  of d u r a t i o n  remains r e l a t i v e l y  c o n s t a n t .  T h i s  r e s u l t  is  i n  agreement 
wi th  t h e  g e n e r a l  practice of equa t ing  t h e  i n c r e a s e  i n  annoyance due t o  d u r a t i o n  
wi th  an  i n c r e a s e  i n  maximum l e v e l  and e x p r e s s i n g  a d u r a t i o n  c o r r e c t i o n  i n  terms 
o f  a c o n s t a n t  number of decibels per doubl ing of d u r a t i o n .  Although t h e  analy- 
sis of v a r i a n c e  i n d i c a t e d  a s i g n i f i c a n t  i n t e r a c t i o n  of d u r a t i o n  wi th  l e v e l ,  no 
c o n s i s t e n t  e f ' f ec t  is a p p a r e n t  i n  f i g u r e  8. The a n a l y s i s  of v a r i a n c e  method 
assumes t h a t  for a g iven  l e v e l  c o n d i t i o n ,  t h e  l e v e l  is c o n s t a n t  across dura- 
t i o n .  I n  a c t u a l i t y ,  as can  be seen  from f i g u r e  8 ,  t h e r e  were small  v a r i a t i o n s  
i n  l e v e l  across d u r a t i o n .  These v a r i a t i o n s ,  and n o t  a rea l  i n t e r a c t i o n ,  are 
b e l i e v e d  t o  be r e s p o n s i b l e  f o r  t h e  a n a l y s i s  of v a r i a n c e  r e s u l t .  T h i s  conclu- 
s i o n  is suppor t ed  by t h e  a p p l i c a t i o n  of an  a n a l y s i s  of cova r i ance  t echn ique  t o  
t h e  d a t a .  The r e s u l t s  of this a n a l y s i s  method are d i s c u s s e d  i n  a subsequent  
section. 

The e f f e c t s  of t o n a l  c o n t e n t  and t h e  i n t e r a c t i o n  of t o n a l  c o n t e n t  w i th  
l e v e l  are i l l u s t r a t e d  i n  f i g u r e  9. The mean annoyance r a t i n g  is plotted 
a g a i n s t  LA f o r  t h e  s t i m u l i  w i thou t  t o n a l  components and t h e  s t i m u l i  w i th  
t o n a l  components. A s  is g e n e r a l l y  accepted,  t h e  s t i m u l i  w i th  t o n a l  compo- 
n e n t s  are more annoying t h a n  s t i m u l i  w i th  no  tones.  O f  more i n t e r e s t ,  per- 
haps,  is  t h e  i n t e r a c t i o n  of t o n a l  c o n t e n t  w i th  l e v e l .  As l e v e l  i n c r e a s e s ,  
t h e  d i f f e r e n c e  i n  annoyance between t h e  s t i m u l i  w i t h  and wi thou t  t o n e s  
decreases. The e f f e c t s  i l l u s t r a t e d  i n  f i g u r e s  8 and 9 w i l l  be d i s c u s s e d  
f u r t h e r  i n  t h e  f o l l o w i n g  s e c t i o n s .  
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E f f e c t s  of Dura t ion  on Annoyance 

Having confirmed t h e  e x i s t e n c e  of an e f f e c t  on annoyance r e s u l t i n g  from 
a parameter or i n t e r a c t i o n s  of parameters, t h e  q u e s t i o n  arises as to how to 
i n c l u d e  t h a t  e f f e c t  i n  t h e  methods used to p r e d i c t  annoyance to n o i s e .  Pres- 
e n t l y ,  t h e  m o s t  common method of c o r r e c t i n g  for d u r a t i o n  is t h e  one incorpo- 
r a t e d  i n  t h e  EPNL c a l c u l a t i o n  procedure  used by t h e  F e d e r a l  Av ia t ion  Adminis- 
t r a t i o n  i n  a i r c r a f t  c e r t i f i c a t i o n  ( r e f .  1 0 ) .  The magnitude of t h e  c o r r e c t i o n  
is e q u i v a l e n t  to 3 dB per doubl ing  of e f f e c t i v e  d u r a t i o n .  To de te rmine  t h e  
optimum magnitude of t h e  d u r a t i o n  c o r r e c t i o n  i n  terms of d e c i b e l s  per doubl ing  
of e f f e c t i v e  d u r a t i o n  t h e  fo l lowing  a n a l y s e s  were performed. 

I f  t h e  d u r a t i o n  c o r r e c t i o n s  based on t h e  optimum magnitude are a p p l i e d  t o  
t h e  maximum l e v e l s  of  t h e  s t i m u l i ,  t h e  s u b j e c t i v e  annoyance judgments can be 
r e p r e s e n t e d  by t h e  l i n e a r  equa t ion  

J = a0 + a 1 ( h a x  + D ' )  

where J is t h e  s u b j e c t i v e  annoyance judgment, hax is t h e  maximum l e v e l ,  
and D'  is t h e  optimum d u r a t i o n  c o r r e c t i o n .  Th i s  e q u a t i o n  can be expanded t o  
t h e  form 

However, i f  the  d u r a t i o n  c o r r e c t i o n s  are c a l c u l a t e d  by u s i n g  a nonoptimum mag- 
n i t u d e  and i f  t h e  maximum l e v e l s  and d u r a t i o n s  are n o t  c o r r e l a t e d ,  t h e  e q u a t i o n  
best f i t t i n g  t h e  d a t a  would be of t h e  form 

where a1 is no t  equal to  a2 and D is t h e  nonoptimum correction. Combin- 
i n g  e q u a t i o n s  ( 2 )  and ( 3 )  y i e l d s  

alD' = a2D 

which g i v e s  

( 4 )  
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Durat ion  c o r r e c t i o n s  based on 3 d B  per  doubl ing  of e f f e c t i v e  d u r a t i o n  
(i.e.,  t h e  d i f f e r e n c e  between t h e  du ra t ion -co r rec t ed  level  and t h e  r e s p e c t i v e  

maximum l e v e l  f o r  each r a t i n g  scale) were used i n  m u l t i p l e  r e g r e s s i o n  a n a l y s e s  
of t h e  form of e q u a t i o n  (3 ) .  The optimum d u r a t i o n - c o r r e c t i o n  magnitudes were 
then  c a l c u l a t e d  from e q u a t i o n  (5) w i t h  D set e q u a l  to 3 dB per doubl ing  o f  
e f f e c t i v e  d u r a t i o n .  These c a l c u l a t i o n s  were made for each  of t h e  r a t i n g  scales 
for s t i m u l i  w i thou t  t ones ,  s t i m u l i  w i th  t o n e s ,  and a l l  s t i m u l i  combined. The 
r e s u l t i n g  optimum magnitudes,  i n  terms of e q u i v a l e n t  decibels per doubl ing  of 
e f f e c t i v e  d u r a t i o n ,  are g iven  i n  table V I I I .  I n  g e n e r a l ,  t h e  optimum magni- 
t u d e s  are very  near  3 dB, w i t h  over  h a l f  be ing  w i t h i n  k0.25 dB and over  8 5  per- 
c e n t  w i t h i n  k0.50 dB.  The agreement is even better when o n l y  t h e  subgroups of 
s t i m u l i  w i thou t  t o n e s  and s t i m u l i  w i t h  t o n e s  are cons ide red .  

The c o r r e l a t i o n  c o e f f i c i e n t s  of t h e  r e g r e s s i o n s  of  t h e  mean s u b j e c t i v e  
judgments on t h e  r a t i n g  scales wi th  optimum d u r a t i o n  c o r r e c t i o n s  were compared 
wi th  t h e  c o e f f i c i e n t s  of t h e  r e g r e s s i o n s  of t h e  mean s u b j e c t i v e  judgments on 
t h e  scales wi th  c o r r e c t i o n s  based on 3 dB per doubl ing  of e f f e c t i v e  d u r a t i o n .  
These comparisons i n d i c a t e d  t h a t  t h e  c o r r e l a t i o n s  were f a i r l y  i n s e n s i t i v e  to  
t h e  d i f f e r e n c e s  between t h e  3-dB v a l u e s  and t h e  optimum va lues .  The l a r g e s t  
change i n  c o e f f i c i e n t  w a s  0.007. From t h e s e  r e s u l t s  i t  appears  t h a t  a d u r a t i o n  
c o r r e c t i o n  of 3 dB per doubl ing  of e f f e c t i v e  d u r a t i o n  p rov ides  h i g h l y  a c c u r a t e  
and s a t i s f a c t o r y  r e s u l t s .  

P r e d i c t i v e  A b i l i t y  of Measurement S c a l e s  

Table I X  p r e s e n t s  t h e  r e s u l t s  of  l i n e a r  r e g r e s s i o n s  of t h e  mean s u b j e c t i v e  
judgments on t h e  du ra t ion -co r rec t ed  s c a l e s  ( 3  d B  per  doubl ing  of e f f e c t i v e  
d u r a t i o n )  for a l l  s t i m u l i ,  s t i m u l i  wi thout  t o n e s ,  and s t i m u l i  w i t h  tones .  The 
scales are ranked i n  terms of dec reas ing  c o r r e l a t i o n  c o e f f i c i e n t s .  The co r re -  
l a t i o n  c o e f f i c i e n t s  were compared by us ing  a two- t a i l ed  t - tes t  for t h e  s i g n i f i -  
cance of d i f f e r e n c e  between c o r r e l a t i o n  c o e f f i c i e n t s  when samples are n o t  
independent  ( ref .  12 ) .  R e s u l t s  of these tests a r e  g iven  i n  t a b l e  X. The per- 
formance of t h r e e  of t h e  r a t i n g  scales (IPNLT, IPLl ,  and PPL2) is of p a r t i c u l a r  
i n t e r  est .  

When t h e  s t i m u l i  w i thou t  t o n e s  and t h e  s t i m u l i  w i t h  t o n e s  are combined 
i n t o  one group,  t h e  IPNLT is ranked h i g h e s t  and i ts  c o e f f i c i e n t  is s i g n i f i -  
c a n t l y  h igher  (0.01 l e v e l )  t h a n  t h a t  of any of t h e  o t h e r  scales. Th i s  improve- 
ment can be a t t r i b u t e d  to t h e  fac t  t h a t  PNLT is t h e  o n l y  r a t i n g  scale incorpo- 
r a t i n g  a tone  c o r r e c t i o n .  However, when t h e  s t i m u l i  a r e  s e p a r a t e d  by t o n a l  
c o n t e n t  t h e  ranking  o f  IPNLT drops to  t h e  midrange of scales where i ts  correla- 
t i o n  c o e f f i c i e n t s  are s i g n i f i c a n t l y  lower (0.01 leve l )  t h a n  t h e  IPL1 correla- 
t i o n  c o e f f i c i e n t s  f o r  t h e  s t i m u l i  w i thou t  t o n e s  and are  s i g n i f i c a n t l y  lower 
t h a n  t h e  IPLl (0.05 level)  and IPNL (0.01 l e v e l )  c o r r e l a t i o n  c o e f f i c i e n t s  for 
t h e  s t i m u l i  w i th  tones .  From t h e s e  r e s u l t s  i t  appea r s  t h a t  t h e  t o n e  c o r r e c t i o n  
used i n  t h e  IPNLT a i d s  i n  comparing t h e  annoyance of s t i m u l i  w i th  d i s t i n c t l y  
d i f f e r e n t  t o n a l  c o n t e n t  b u t  may s l i g h t l y  degrade  t h e  p r e d i c t i o n  a b i l i t y  when 
used i n  comparing s t i m u l i  of similar t o n a l  c o n t e n t .  The I P L l ,  on t h e  o t h e r  
hand, c o n s i s t e n t l y  r a n k s  a t  t h e  top for a l l  t h r e e  groupings  of s t i m u l i .  For 
t h e  combined s t i m u l i ,  IPLl  r a n k s  second behind IPNLT and,  w i t h  t h e  e x c e p t i o n  
of IPNL, its c o r r e l a t i o n  c o e f f i c i e n t  is s i g n i f i c a n t l y  h ighe r  (0.01 l e v e l )  t han  
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those of t h e  scales ranked below it. 
subgroups of s t i m u l i ,  and its c o r r e l a t i o n  c o e f f i c i e n t s  are s i g n i f i c a n t l y  h ighe r  
t h a n  those  of any of t h e  o t h e r  scales i n  e i t h e r  subgroup wi th  t h e  e x c e p t i o n s  of 
IPL2 i n  t h e  subgroup of s t i m u l i  wi thout  t o n e s  and IPNL and ILD i n  t h e  subgroup 
of s t i m u l i  wi th  tones .  

The IPLl r anks  f i r s t  for both  of t h e  

The PL2 scale is a new c a l c u l a t i o n  procedure r e c e n t l y  sugges ted  by Higgins  
as a method for p r e d i c t i n g  human response  t o  n o i s e  (ref. 1 1 ) .  The procedure  is 
based on a weight ing  cu rve  c o n s i s t i n g  of t w o  s t r a i g h t - l i n e  segments. The f i r s t  
segment rises by 6 dB per octave from 50 Hz t o  4 kHz and passes through z e r o  a t  
1 kHz. The second segment f a l l s  a t  a slope of 6 dB per o c t a v e  from 4 kHz t o  
10  kHz. From t a b l e s  I X  and X i t  can  be seen  t h a t  IPL2 d i d  n o t  show any 
improvement over t h e  o t h e r  scales i n  p r e d i c t i n g  annoyance and, i n  p a r t i c u l a r ,  
ranked l o w  i n  comparing s t i m u l i  wi th  d i f f e r e n t  t o n a l  con ten t .  Although it d i d  
r ank  second i n  t h e  subgroup of s t i m u l i  w i thou t  t ones ,  i t s  c o r r e l a t i o n  c o e f f i -  
c i e n t  w a s  n o t  s i g n i f i c a n t l y  b e t t e r  t han  t h o s e  of t h e  scales ranked below it. 
S i m i l a r  comparisons of t h e  r a t i n g  scales wi thou t  d u r a t i o n  c o r r e c t i o n s  also gave 
no i n d i c a t i o n  t h a t  t h e  PL2 procedure p r e d i c t e d  annoyance b e t t e r  t h a n  any of t h e  
o t h e r  c a l c u l a t i o n  procedures .  

For each  of t h e  t h r e e  s t i m u l i  g roupings  t h e  c o r r e l a t i o n  c o e f f i c i e n t  of 
t h e  lowest r ank ing  du ra t ion -co r rec t ed  scale w a s  g r e a t e r  t han  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  of t h e  h i g h e s t  ranking  scale wi thou t  a d u r a t i o n  c o r r e c t i o n .  Com- 
p a r i s o n s  of t h e  c o r r e l a t i o n s  of t h e  du ra t ion -co r rec t ed  and uncor rec t ed  scales 
for a g iven  c a l c u l a t i o n  procedure  showed improvements of 0.037 to  0.079 i n  t h e  
c o r r e l a t i o n  c o e f f i c i e n t s .  From t h e s e  r e s u l t s  it is clear t h a t  t h e  a d d i t i o n  of 
an  a c c u r a t e  d u r a t i o n  c o r r e c t i o n  s i g n i f i c a n t l y  improves t h e  annoyance-predict ion 
a b i l i t y  of t h e  r a t i n g  scales. 

I n t e r a c t i o n  of Dura t ion  With Level  and of Tonal  Content  With Level  

The a n a l y s i s  of v a r i a n c e  of t h e  s u b j e c t i v e  d a t a  i n d i c a t e d  t h a t  t h e  i n t e r -  
a c t i o n  of d u r a t i o n  wi th  l e v e l  and of t o n a l  c o n t e n t  w i th  l e v e l  s i g n i f i c a n t l y  
a f f e c t e d  annoyance. S ince  v a r i a t i o n s  i n  LA appeared to  be r e s p o n s i b l e  for t h e  
i n d i c a t i o n  of a s i g n i f i c a n t  i n t e r a c t i o n  of d u r a t i o n  wi th  l e v e l ,  an  a n a l y s i s  of 
cova r i ance  t echn ique  was a p p l i e d  to  t h e  d a t a  for each i n t e r a c t i o n .  T h i s  analy- 
sis was performed i n  o r d e r  t o  confirm t h e  e x i s t e n c e  of t h e s e  i n t e r a c t i o n s  and 
t o  de termine  i f  t h e  r a t i n g  s c a l e s  account  f o r  t h e  effects  of t h e  i n t e r a c t i o n s .  

L inea r  l e a s t - s q u a r e s  r e g r e s s i o n  a n a l y s e s  were performed wi th  t h e  mean sub- 
ject ive judgments f o r  each  group of s t i m u l i  separated by d u r a t i o n  or t o n a l  con- 
t e n t  as t h e  dependent  v a r i a b l e  and wi th  t h e  cor responding  r a t i n g - s c a l e  v a l u e s  
as t h e  independent  v a r i a b l e  by us ing  t h r e e  d i f f e r e n t  models. The f i r s t  model 
assumed a common slope and a common mean for a l l  s t i m u l i .  The second model 
assumed a common slope b u t  s e p a r a t e  means for t h e  s t i m u l i  wi th  d i f f e r e n t  v a l u e s  
of  d u r a t i o n  or t o n a l  con ten t .  The t h i r d  model assumed s e p a r a t e  slopes and sep- 
arate  means. D e t a i l s  for t h i s  a n a l y s i s  can be found i n  r e f e r e n c e  1 3  and bas i -  
c a l l y  c o n s i s t e d  of  comparing t h e  r e s i d u a l  mean s q u a r e s  between t h e  t h r e e  models 
w i th  appropriate F - t e s t s .  F i r s t ,  a n u l l  hypo thes i s  of common slopes was t e s t e d  
by comparing t h e  second and t h i r d  models. R e j e c t i o n  of t h e  n u l l  hypo thes i s  of 
common slopes i n d i c a t e s  t h e  e x i s t e n c e  of a n  i n t e r a c t i o n  and i n d i c a t e s  t h a t  t h e  
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r a t i n g  scale does n o t  adequa te ly  account  f o r  t h e  e f f e c t  of t h e  i n t e r a c t i o n .  I f  
t h e  n u l l  hypo thes i s  of common s l o p e s  was n o t  rejected, then  a t e s t  of t h e  n u l l  
hypo thes i s  of common means, assuming common slopes, was tested by comparing t h e  
f i r s t  and second models. T h i s  t y p e  of a n a l y s i s  w a s  performed f o r  bo th  i n t e r a c -  
t i o n s  wi th  each r a t i n g  scale. The r e s u l t s  i n  terms of c a l c u l a t e d  and t a b u l a t e d  
F-values are p r e s e n t e d  i n  table X I .  

For t h e  d u r a t i o n  and l e v e l  i n t e r a c t i o n  t h e  a n a l y s i s  w a s  performed by us ing  
t h e  r a t i n g  scales wi thou t  d u r a t i o n  c o r r e c t i o n s .  The n u l l  hypo thes i s  of common 
slopes w a s  no t  r e j e c t e d ,  i n d i c a t i n g  t h a t  no  i n t e r a c t i o n  effect e x i s t s  or t h a t  
t h e  r a t i n g  s c a l e s ' a d e q u a t e l y  accoun t  f o r  t h e  e f f e c t .  Th i s  t e n d s  t o  s u p p o r t  t h e  
conclus ion  s ta ted i n  a p rev ious  section t h a t  t h e  i n d i c a t i o n  of a s i g n i f i c a n t  
d u r a t i o n  and level  i n t e r a c t i o n  by t h e  a n a l y s i s  of va r i ance  procedure  r e s u l t e d  
from s l i g h t  v a r i a t i o n s  i n  l e v e l s  p re sen ted  to  t h e  s u b j e c t s  across d u r a t i o n s .  
S ince  t h e  hypo thes i s  of common slopes was n o t  r e j e c t e d ,  t h e  n u l l  hypo thes i s  o f  
common means w a s  tested and w a s  r e j e c t e d  for a l l  t h e  r a t i n g  scales. T h i s  con- 
f i r m s  t h e  e x i s t e n c e  of  a d u r a t i o n  e f f e c t  and demonst ra tes  t h e  need f o r  a dura-  
t i o n  c o r r e c t i o n  to  t h e  r a t i n g  scales. 

For t h e  i n t e r a c t i o n  of t o n a l  c o n t e n t  and l e v e l  t h e  a n a l y s i s  w a s  performed 
by us ing  t h e  du ra t ion -co r rec t ed  r a t i n g  scales. For t h i s  i n t e r a c t i o n ,  t h e  n u l l  
hypo thes i s  of common slopes w a s  rejected f o r  a l l  of t h e  r a t i n g  s c a l e s .  Rejec- 
t i o n  of  t h i s  hypo thes i s  i n d i c a t e s  t h e  e x i s t e n c e  of an i n t e r a c t i o n  of t o n a l  con- 
t e n t  and l e v e l  which is n o t  adequa te ly  accounted  f o r  by t h e  r a t i n g  scales. 
S ince  t h e  hypo thes i s  of common slopes was rejected, t h e  tes t  f o r  common means 
w a s  no t  a p p l i c a b l e .  

Effects of Tonal Content  on Annoyance 

As i n d i c a t e d  by t h e  a n a l y s i s  of v a r i a n c e ,  annoyance is s i g n i f i c a n t l y  
a f f e c t e d  by t h e  t o n a l  c o n t e n t  of a n o i s e .  The a d d i t i o n  of  t o n e s  t o  a n o i s e  
i n c r e a s e s  annoyance. The improvement i n  annoyance p r e d i c t i o n  r e s u l t i n g  from 
t h e  a d d i t i o n  of a tone  c o r r e c t i o n  is e v i d e n t  from t h e  s i g n i f i c a n t l y  better cor- 
r e l a t i o n  for a l l  s t i m u l i  o b t a i n e d  from t h e  IPNLT when compared w i t h  t h e  o t h e r  
r a t i n g  scales. However, when t h e  s t i m u l i  w i thou t  t o n e s  and t h e  s t i m u l i  w i t h  
tones  are cons ide red  s e p a r a t e l y ,  t h e  c o r r e l a t i o n s  w i t h  IPNL a r e  g r e a t e r  t han  
t h e  c o r r e l a t i o n s  w i t h  tone -co r rec t ed  measure IPNLT. A s  shown i n  t a b l e  X ( c ) ,  
t h e  d i f f e r e n c e  between t h e  c o r r e l a t i o n s  w i t h  IPNL and IPNLT is s i g n i f i c a n t  for 
s t i m u l i  w i th  tones .  

The r e s u l t s  of t h e  s t u d y  i n d i c a t e  t w o  areas of possible improvement i n  t h e  
PNLT tone -co r rec t ion  method. F i r s t ,  a change i n  t h e  procedure  to  account  f o r  
t h e  appa ren t  i n t e r a c t i o n  of t o n a l  c o n t e n t  and sound pressure l e v e l  p r e v i o u s l y  
d i scussed  may improve t h e  method. Second, a m o d i f i c a t i o n  t o  t h e  procedure  t o  
p reven t  t h e  a p p l i c a t i o n  of  a tone  c o r r e c t i o n  t o  s t i m u l i  which c o n t a i n  no t o n e s  
may improve t h e  c o n s i s t e n c y  and accu racy  of t h e  procedure.  I n  t h i s  s t u d y ,  t h e  
PNLT tone -co r rec t ion  procedure  applied o v e r a l l  t o n e  c o r r e c t i o n s  (PNLT - PNL) 
ranging  from 0 . 6  to 2.7 dB and ave rag ing  1.8 d B  t o  t h e  s t i m u l i  w i thou t  t ones .  
Based on t h e  r e s u l t s  of t h i s  s t u d y ,  t h e  p r e d i c t i o n  of t h e  effects of t o n a l  con- 
t e n t  appears to be t h e  l a r g e s t  remaining source  of v a r i a t i o n  i n  t h e  p r e d i c t i o n  
of o v e r a l l  annoyance response .  
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E f f e c t s  of Doppler S h i f t  on Annoyance 

A s  shown i n  t a b l e  I ,  t h e  s t i m u l i  used i n  t h i s  s t u d y  r e p r e s e n t e d  f i v e  d i f -  
f e r e n t  p a t t e r n s  of Doppler s h i f t .  S ince  Doppler s h i f t  d i d  n o t  vary  indepen- 
d e n t l y  of  d u r a t i o n  and v e l o c i t y ,  t h e  e f f e c t s  o f  Doppler s h i f t  on annoyance 
cou ld  no t  be determined from t h e  a n a l y s i s  of  v a r i a n c e  performed on t h e  subjec-  
t i v e  judgments. I n  o r d e r  t o  s t u d y  t h e  e f f e c t s  of Doppler s h i f t ,  m u l t i p l e  
r e g r e s s i o n s  of t h e  mean s u b j e c t i v e  judgments on t h e  r a t i n g  scales and d u r a t i o n  
c o r r e c t i o n s  were performed w i t h  and wi thou t  a Doppler s h i f t  term f o r  t h e  group 
of  s t i m u l i  w i thou t  t ones  and t h e  group of s t i m u l i  w i t h  tones .  The r e g r e s s i o n s  
wi thou t  a Doppler s h i f t  term were of t h e  form 

J = bo + b l h a x  + b2D 

Three d i f f e r e n t  Doppler s h i f t  models were assumed i n  t h e  r e g r e s s i o n s  wi th  a 
Doppler s h i f t  term. The r e s u l t i n g  r e g r e s s i o n s  were 

J = eo + + e 2 D  + e3B2 

where t h e  Doppler s h i f t  parameter $ is t h e  a i r c r a f t  v e l o c i t y  squared  d iv ided  
by t h e  speed of sound and t h e  d i s t a n c e  of closest approach ( t h a t  is, v2/ch) .  
The Doppler s h i f t  parameter is an approximation of  t h e  maximum rate  of change 
of  frequency. 

The r e s u l t i n g  c o e f f i c i e n t s  of t h e  Doppler s h i f t  terms, c3,  d3, and e3 ,  
v a r i e d  i n  both  magnitude and s i g n  between r a t i n g  scales and between models. 
O v e r a l l ,  the  e f f e c t  of t h e  Doppler s h i f t  terms on t h e  p r e d i c t e d  s u b j e c t i v e  
response  was small r e l a t i v e  t o  t h e  e f f e c t s  of l e v e l ,  d u r a t i o n ,  and t o n a l  con- 
t e n t .  Comparisons of t h e  c o r r e l a t i o n s  f o r  t h e  r e g r e s s i o n s  wi th  a Doppler s h i f t  
term wi th  t h e  c o r r e l a t i o n s  of t h e  r e g r e s s i o n s  wi thou t  a Doppler s h i f t  term 
showed no s i g n i f i c a n t  improvement r e s u l t i n g  from t h e  a d d i t i o n  of t h e  Doppler 
s h i f t  term. Based on t h i s  a n a l y s i s ,  Doppler s h i f t  does  n o t  appear to  have a 
s i g n i f i c a n t  e f f e c t  on t h e  annoyance of e i t h e r  s t i m u l i  w i thou t  t ones  or s t i m u l i  
wi th  tones .  

CONCLUSIONS 

A l a b o r a t o r y  s u b j e c t i v e  l i s t e n i n g  test  w a s  performed t o  i n v e s t i g a t e  t h e  
e f f e c t s  of d u r a t i o n  and o t h e r  n o i s e  c h a r a c t e r i s t i c s  on t h e  annoyance caused by 
a i r c r a f t - f l y o v e r  n o i s e .  The s t i m u l i  r e p r e s e n t e d  t h e  54  f a c t o r i a l  combinations 
of 3 d u r a t i o n s ,  3 sound p r e s s u r e  l e v e l s ,  3 a i r c r a f t  v e l o c i t i e s ,  and 2 t one  
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conditions. 
noise synthesis system. 
a total of 72 stimuli in a subjective test facility simulating the outdoor 
acoustic environment. 
cedure similar to numerical category scaling. The following conclusions were 
noted : 

The stimuli were synthesized by using a newly developed aircraft- 
Forty-eight test subjects made annoyance judgments on 

The judgments were made by using a graphical scale pro- 

1 .  The duration of an aircraft-flyover noise significantly affects annoy- 
ance and should be taken into account in the quantification of aircraft-noise 
annoyance. Rating scales incorporating an accurate duration correction predict 
annoyance significantly better than scales without duration corrections. 

2. A duration correction of 3 dl3 per doubling of effective duration was 
found to result in the greatest increase in the accuracy of the rating scales 
considered. This duration correction is identical to the one incorporated 
in the effective-perceived-noise-level (EPNL) procedure used by the Federal 
Aviation Administration in its FAR 36 aircraft certification rules. 

3 .  The rating scales found to be most accurate in predicting the 
annoyance for all the stimuli were the effective perceived noise level (EPNL, 
IPNLT), the Stevens Mark VI1 perceived level with duration corrections (IPLl), 
and the perceived noise level with duration corrections (IPNL). The IPLl was 
the most consistent in predicting annoyance of stimuli with similar tonal 
con tent . 

4 .  Tonal characteristics appear to be the largest remaining source of 
variation in the prediction of overall annoyance response. 

5. No significant effect of Doppler shift on annoyance was found for 
either noise with strong tonal components or noise without tonal components. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
January 26, 1979 
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APPENDIX 

INSTRUCTIONS, CONSENT FORM, AND SCORING SHEETS 

Copies of t h e  i n s t r u c t i o n s ,  consent  form, and scoring s h e e t s  used i n  t h e  
experiment are p r e s e n t e d  i n  t h e  fo l lowing  pages. 

I 
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APPENDIX 

I n s t r u c t  i o n s  

The experiment  i n  which you are p a r t i c i p a t i n g  w i l l  h e l p  us  understand t h e  
c h a r a c t e r i s t i c s  of a i rcraf t  sounds which can c a u s e  annoyance i n  airport  commu- 
n i t i e s .  W e  would l i k e  you to judge how ANNOYING some of  t h e s e  a i r c r a f t  sounds 
are. By ANNOYING w e  mean - UNWANTED, OBJECTIONABLE, DISTURBING, or UNPLEASANT. 

The experiment  c o n s i s t s  of f o u r  25 minute s e s s i o n s .  During each  s e s s i o n  
18 a i r c ra f t  sounds w i l l  be p r e s e n t e d  for you to judge. 
w i l l  be g iven  a r a t i n g  s h e e t  w i t h  18 scales l i k e  t h e  one below. 

Before each s e s s i o n  you 

Ex t r eme 1 y t---44 Annoying 
- 1 -  I I I --.f--. I . -1 - 1 N o t  a t  a l l  

Annoying 0 1 2 3 4 5 6 7 8 9 

A f t e r  l i s t e n i n g  t o  each  sound, please i n d i c a t e  how annoying you judge t h e  
sound t o  be by p l a c i n g  a m a r k  across t h e  scale. I f  you judge a sound to  be o n l y  
s l i g h t l y  annoying, t h e n  place your m a r k  closer to  the NOT ANNOYING AT ALL end o f  
t h e  scale. S i m i l a r l y ,  i f  you judge a sound to  be v e r y  annoying then place your 
mark  closer t o  t h e  EXTREMELY ANNOYING end of t h e  scale. A moderately annoying 
judgment should be m a r k e d  i n  t h e  middle p o r t i o n  of t h e  scale. A m a r k  may be 
p l a c e d  anywhere a long  t h e  scale, n o t  j u s t  a t  t h e  numbered l o c a t i o n s .  
c r a f t  sound w i l l  be  fol lowed by a beep or s h o r t  tone.  Please do n o t  make  your 
judgments u n t i l  a f t e r  t h e  beep. You w i l l  have about  f i v e  seconds a f t e r  t h e  beep 
to  make and r e c o r d  your judgment. There are no r i g h t  or wrong answers;  w e  are  
o n l y  i n t e r e s t e d  i n  your judgment of each  sound. 

Each a i r -  

Before t h e  f i r s t  s e s s i o n  b e g i n s  you w i l l  be g iven  a practice r a t i n g  s h e e t  
and t h r e e  sounds w i l l  be p r e s e n t e d  to  f a m i l i a r i z e  you wi th  making and r eco rd ing  
judgments. I w i l l  remain i n  t h e  t e s t i n g  room w i t h  you d u r i n g  t h e  practice t i m e  
t o  answer any q u e s t i o n s  you may have. 

Thank you f o r  your h e l p  i n  conduct ing t h e  experiment.  

17 
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APPENDIX 

Voluntary  Consent Form for S u b j e c t s  f o r  Human Response to  

A i r c r a f t  Noise and V i b r a t i o n  

I unders tand  t h e  purpose of t h e  r e s e a r c h  and t h e  t echn ique  to  be used, 

i n c l u d i n g  my p a r t i c i p a t i o n  i n  t h e  r e s e a r c h ,  as e x p l a i n e d  to  m e  by t h e  P r i n c i p a l  

I n v e s t i g a t o r  (or q u a l i f i e d  d e s i g n e e ) .  

I do v o l u n t a r i l y  consent  to p a r t i c i p a t e  as a s u b j e c t  i n  t h e  human re sponse  

to a i r c r a f t  n o i s e  experiment to  be conducted a t  NASA Langley Research Center  

on 

D a t e  

I unders tand  t h a t  I may a t  any t i m e  withdraw from t h e  experiment and t h a t  

I a m  under no o b l i g a t i o n  t o  g i v e  r easons  f o r  wi thdrawal  or t o  a t t e n d  a g a i n  f o r  

expe r imen ta t ion .  

I under take  t o  obey t h e  r e g u l a t i o n s  of t h e  l a b o r a t o r y  and i n s t r u c t i o n s  of 

t h e  P r i n c i p a l  I n v e s t i g a t o r  r e g a r d i n g  s a f e t y ,  s u b j e c t  o n l y  t o  my r i g h t  t o  with- 

draw d e c l a r e d  above. 

I a f f i r m  t h a t ,  to  my knowledge, my s t a t e  of h e a l t h  has  no t  changed s i n c e  

t h e  t i m e  a t  which I completed and s igned  t h e  medica l  report form r e q u i r e d  f o r  

my p a r t i c i p a t i o n  as a test  s u b j e c t .  

S i g n a t u r e  of S u b j e c t  

18 



APPENDIX 

Practice Rating Sheet 

Subject No. 

Practice 
Sound 

Group 

Judgment 

I I 1 I Extremely 
I' I - - I  I I Annoying 

I ~ - 1  1 ._ 

0 1 2 3 4 5 6  7 8 9 
I I I  

Not at all 
Annoying I 

I -  I I I Ektr emely I I I Annoying 
Not at all I I I I I 1 - - I  

'I Annoying 0 1 2 3 4 5 6 7 8 9 

I I i Extremely 
1 I Annoying 

I I -4 _ _ _  1. ~ 1 I 1 - 1  Not at all 
0 1 2 3 4 5 6 7 8 9 "I Annoying 
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APPEND1 X 

Rating Sheet 

Page 1 

Subject No. 

Sound 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Group Session Tape 

I I I I I 
I T 

0 1 2 3 4 5 
I 

I I I I -1- 
I 1 -  I 

0 1 2 3 4 5 

I I 1 I 

0 1 2 3 4 5 
I I + 

I I I I . 1 
I 

0 1 2 3 4 5 

t I I I I A- 
I 1 I 

0 1 2 3 4 5 

I I I I -1 
I I I 

0 1 2 3 4 5 

1 I I I I I 

0 1 2 3 4 5 
I 1 

1 I I I I - 1  
1 - 1  I I 

0 1 2 3 4 5 

1 I I I I I 
I I I 

0 1 2 3 4 5 

I 

I 

6 

6 

I 
1 
6 

I 
6 

I 
1 
6 

I 
1 
6 

+ 
6 

I 
I 
6 

+ 
6 

I 
7 

I 
1 
7 

I 
7 

I 
7 

I 

I 
1 -  
7 

I 

4 

7 

7 

I 
7 

I 

f 
7 

I 
I 
8 

I 
8 

. I  
I 
8 

I 
1 
8 

I 
I 
8 

I 

4 

I 

I -  

8 

8 

8 

8 

I 
9 

I 

9 
1 

I 

9 
-1 

. I  
1 
9 

I 
- 1  
9 

I 
I 

9 

I 
9 
I 

I 
I 

9 

I 
9 

Extremely 
Annoying 

Extremely 
Annoying 

Extremely 
Annoying 

Extremely 
Annoying 

Extremely 
Annoying 

Extremely 
Annoying 

m t r  emely 
Annoying 

Ex t r emel y 
Annoying 

Extremely 
Annoying 
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APPENDIX 

Rating Sheet 

Subject No. 

Sound 

10 

11 

12 

13 

14 

15 

16 

17 

18  

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at a l l  
Annoying 

Not at a l l  
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Not at all 
Annoying 

Page 2 

Group Session Tape 

I I I I I I I I I 

0 1 2 3 4 5 6  7 8 9 
4 

I I I I I I I I I 

0 1 2 3 4 5 6 7 8 9 
1 

t I I I I 1 I I I 

0 1 2 3 4 5 6 7 8 9 
I 

t I I I I I I I 1 

0 1 2 3 4 5 6 7 8 9 
I 

t I I I I I I I I 

0 1 2 3 4 5 6 7 8 9 
1 

I I I I I I I I I 

0 1 2 3 4 5 6 7 8 9 
I 

t I I I I I I I I 

0 1 2 3 4 5 6  7 8 9 
I 

1 I I I I I I I I 
0 1 2 3 4 5 6 7 8 9 

I 

I I I I I I I I I 1 I i 
0 1 2 3 4 5 6 7 8 9 

Ex t r emel y 
Annoying 

Extremely 
Annoying 

Ex t r emely 
Annoying 

Extremely 
Annoying 

Extremely 
Annoying 

Ex t 1: @me 1 y 
Annoying 

Extremely 
Annoying 

Extremely 
Annoy in g 

Extremely 
Annoying 
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TABLE I.- DOPPLER S H I F T  PATTERNS CORRESPONDING TO FACTORIAL 

COMBINATIONS O F  DURATION AND VELOCITY 

A i r c r a f t  velocity 

N o i s e  
dura t ion  

t 

2 t  

4t 

._ 

V 

B 

B /4 

I 
I 

B /2 

TABLE 11.- TEST SUBJECTS 

- _- -. 

Sex Number of par t ic ipants  
~- -~ _ _  _ _  .~ 

7 

41 

I A l l  sub jec ts  48 

~ 

vlean age 

26 

37 

35 

.- . - 

rledian age 

25  

36 

34 

.- 

Age range 

21 to  34 

18 to  65 

18 t o  65 
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TABLe 111.- PRESENTATION ORDER OF STIMULI ON TAPES 

P r a c t i c e  

2221 
21 32 
231 1 

c 
D u r a t i o n  , sec 

1 = 10  
2 = 20 
3 = 40 

tape Tape I 

2221 
1312 
31 32 
2331 
3221 
1112 
1212 
21 31 
3321 
2332 
3222 
1311 
221 2 
1231 
31 21 
21 32 
331 2 
1121 

Tape I1 

1332 
2321 
1111 
31 22 
321 1 
1232 
2232 
331 1 
21 22 
2231 
1211 
3322 
21 21 
1132 
31 11 
231 2 
1321 
3232 

Tape I11 

3112 
3231 
2322 
1221 
221 1 
3332 
1122 
21 11 
1331 
321 2 
1131 
2222 
3331 
1322 
2112 
31 31 
1222 
231 1 

S t i m u l i  key 

B 

Aircraft  v e l o c i t y ,  
m/sec 

~ 

1 = 40 
2 = 80 
3 = 160 

Tape I V  

1121 
331 2 
21 32 
31 21 
1231 
221 2 
1311 
3222 
2332 
3321 
21 31 
1212 
1112 
3221 
2331 
31 32 
1312 
2221 

_ _  - - 

C 

Nominal LA, 
dB 

1 = 70 
2 = 79 
3 = 88 

aTime between t h e  f i r s t  and  l a s t  p o i n t s  a t  which  t h e  
down from t h e  maximum sound l e v e l .  

Tape  V 

3232 
1321 
231 2 
3111 
1132 
21 21 
3322 
1211 
2231 
21 22 
331 1 
2232 
1232 
321 1 
31 22 
1111 
2321 
1332 

Tape V I  

231 1 
1222 
31 31 
2112 
1322 
3331 
2222 
1131 
321 2 
1331 
23 11 
1122 
3332 
221 1 
1221 
2322 
3231 
3112 

- - 

D 

Total c o n t e n t  -1 
1 = N o  t o n e s  
2 = S t r o n g  t o n e s  

~ ~ ~ . .  . . 

ioise s i g n a l  is 1 0  dB 
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TABm 1V.- ORDER OF TAPES PRESENTED TO TEST-SUBJECT GROUPS 

T e s t -  
s u b j e c t  
group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
1 2  

1 

I 
I1 

I11 
I11 
I1 
I 

IV 
V 
VI 
VI 
V 
IV 

T a p e s  p r e s e n t e d  d u r i n g  sessions - 

2 

I1 
I11 

I 
I1 
I 

I11 
V 

VI 
IV 
V 
IV 
VI 

3 

I11 
I 

I1 
I 

I11 
I1 
VI 
IV 
V 
IV 
VI 
V 

4 

IV 
V 

VI 
VI 
V 
IV 
I 

I1 
I11 
I11 
I1 
I 

25 



TABLE V.- HIGHEST MEASURED LEVELS OF STIMULI FOR EACH COMBINATION OF 

jTIMULI 

1131 
1132 
1231 
1232 
1331 
1332 

21 31 
21 32 
2231 
2232 
2331 
2332 

31 31 
31 32 
3231 
3232 
3331 
3332 

- 

OASPL 

93.8 
91 .o 
92.8 
90.5 
94.0 
91 .o 

93.0 
89.8 
96.8 
91.5 
95.3 
92.8 

95.0 
93.8 
97.0 
93.0 
95.3 
95.6 

~~ ~ 

~ 

IOASPL 

91.4 
88.3 
89.5 
89.7 
92.9 
90.6 

92.5 
91.1 
96.3 
92.9 
96.4 
94.1 

98.0 
97.5 
99.4 
97.5 

100.8 
101.4 

LA 

89.0 
86.5 
88.3 
86.1 
89.5 
85.8 

87.8 
85.2 
91.8 
86.8 
89.9 
86.3 

89.9 
88.7 
91.6 
87.8 
90.6 
89.2 

I 

DURATION, VELOCITY, AND TONAL CONTENT 

ILA 

86.3 
83.7 
84.4 
84.4 
86.6 
84.7 

87.5 
86.0 
91.1 
87.7 
90.0 
87.8 

92.9 
92.4 
94.2 
92.3 
93.4 
93.9 

LD 
93.1 
91 .o 
92.5 
90.9 
93.6 
91.9 

92.0 
89.6 
96.1 
91.9 
94.4 
91.8 

94.2 
93.6 
96.4 
92.8 
94.6 
95.2 

B 

1% 

90.7 
88.4 
88.8 
89.4 
91.6 
90.2 

91.9 
90.7 
95.5 
92.6 
95.2 
93.5 

97.3 
96.9 
98.6 
97.1 
99.1 
99.9 

Stimuli 

PNL 

98.3 
96.8 
98.3 
97.0 
98.9 
97.9 

97.3 
95.1 
01 .8 
97.6 
99.6 
97.7 

99.7 
98.7 
01.9 
99.1 
00.4 
00.2 

IPNL 

96.2 
94.5 
94.5 
95.3 
97.1 
96.0 

97.6 
96.9 

101.0 
98.6 

100.6 
99.2 

103.1 
102.9 
104.0 
102.8 
104.3 
105.2 

PNLT 

99.6 
101.8 
100.1 
103.0 
100.6 
104.0 

99.1 
99.9 

103.7 
103.7 
101.6 
103.7 

101.2 
104.4 
103.5 
104.0 
102.8 
105.9 

Duration, sec Aircraft velocity, 
m/sec 

1 = 10 1 = 40 
2 = 20 2 = 80 
3 = 40 3 = 160 

aTime between the first and last points at which the 
down from the maximum sound level. 

key 

C 

Nominal LA, 
dB 

1 = 70 
2 = 79 
3 = 88 

IPNLT 

97.6 
98.0 
95.9 
99.0 
98.7 
98.8 

99.1 
100.2 
102.4 
102.5 
102.1 
102.1 

104.6 
106.5 
105.6 
106.2 
105.9 
108.5 

PL1 

89.7 
88.0 
89.5 
88.2 
90.2 
88.0 

88.7 
86.2 
93.2 
88.8 
91 .o 
88.9 

90.9 
89.8 
93.2 
90.1 
91.8 
91.4 
_ _  

D 

IPLl 

87.6 
84.1 
85.8 
86.6 
88.4 
87.1 

88.9 
88.1 
92.4 
89.7 
92.0 
90.3 

94.4 
94.2 
95.3 
94.0 
95.5 
96.2 

~ 

Total content 

1 = No tones 
2 = Strong tones 

ioise signal is 10 dB 

PL2 

94.1 
91.4 
93.5 
90.9 
94.5 
91.7 

93.4 
90.2 
97.3 
91.7 
95.7 
93.1 

95.3 
94.6 
97.5 
93.5 
96.1 
97.2 

- ~~- 

IPL2 

91.8 
88.9 
89.9 
90.2 
93.2 
91.5 

93.0 
91.5 
97.4 
93.3 
96.8 
94.7 

98.4 
97.1 
99.8 
98.0 

101.3 
101.9 
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TABLE VI.- REGRESSION ANALYSES FOR REPEATED JUDGMENTS 

Intercept 

. . . . .  1.540 

Regression 

Individual judgments 

Means over subjects . . . . .  0.61 4 
-_ 

Correlation 
coefficient 

0.722 

0.935 0.961 

TABLE VI1.- ANALYSIS OF VARIANCE 

Dur at i on . . . . . . . . . .  
Velocity . . . . . . . . . .  
Level . . . . . . . . . . . .  

I Source of var iation 

4 

4 

4 

8 

29.43382 

29.53707 

17.55384 

36.7541 5 

Residual . . . . . . . . . .  
Total . . . . . . . . .  

Degrees of 
freedom 

I 

2 
2 
2 
1 

Sum of 
squares 

1483.57233 
15.48889 

9206.7251 6 
486 .go042 

20.84255 
64.451 80 
6.86960 

15.75420 
22.35262 

104.39521 

8 I 48.55150 
I 

3402 j 3455 
~~ 

1 3  618.70156 
25 207.88471 

Mean 
square 

741.7861 7 
7.74445 

4603.36258 
486 .go042 

5.21064 
16.1 1295 

3.43480 
3.93855 

1 1 .17631 
52.19760 

6.06894 

7.35845 

7.38427 

4.38846 

4.59427 

4.0031 5 
7.29606 

F-ratio 
(a) -1 

185.30082* 
1.93459"s 

1149.93632* 
121.62945* 

1.301 64"s 
4.02507* 

0 .85803ns 
0. 98386ns 
2.791 88ns 
13.0391 5* 

1 .51604"s 

1.8381 7ns 

1 . 84462ns 

1 . 09625ns 
I 

1.1 4766ns I 

indicates not significant at 0.05 level; * indicates significant 
at 0.01 level. 

27 



TABLE VII1.- OPTIMUM DURATION-CORRECTION MAGNITUDES 

[Optimum duration-correction magnitudes are 
in decibels per doubling of effective 
duration] 

Scale I I OASPL 
LA kL 

Mean across 
scales . . 

~ 3.35 
3.87 
3.44 
3.57 
2.80 
3.61 
3.41 

3.44 

Stimuli without tones 

2.62 
3.05 
2.94 
3.12 
3.16 
3.09 
2.63 

2.94 

-1 
_._ . .  

Stimuli with tones 

2.70 1 
3.19 
3.06 
3.25 
3.08 
3.06 
2.72 

-1 

! 3.01 
- 
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TABLE 1X.- RESULTS OF LINEAR REGRESSIONS OF MEAN SUBJECTIVE 

JUDGMENTS ON DURATION-CORRECTEDa SCALES 

IPNLT 
IPLl  

:ir 
IOASPL 
IPL2 

I A l l  s t i m u l i  

0.973 0.2146 -15.628 
.956,  .2317 -14.799 
.953 .2101 -14.684 
.946 .2109 -13.602 
.9411 .2082 -12.338 
,939 .2194 -14.567 
.937 .2142 -14.198 

S t i m u l i  w i t h o u t  tones S t i m u l i  w i t h  tones 

IPL1 
IPL2 
IPNL 
IPNLT 
IOASPL 

1 LA 
ILD 

R a n k /  
I Scale I r 1 slope '- S c a l e  I s l o p e  ; Intercept /  Scale r 

0.982 0.2484 -16.594 I P L l  0.990 
.977 .2373 -16.698 IPNL .989 
-977 -2262 -16.553 I L D  .988 
,977 .2252 -16.802 I L A  .987 
.976 .2402 -16.855 IPNLT .985 
.976 .2273 -14.352 IOASPL .982 
.974 -2283 -15.526 I P L 2  .981 

1 
2 
3 
4 
5 
6 
7 
- 

5 lope 

1.2166 
.1955 
.1975 
.1962 
.1976 
.2051 
.1997 

C n ter cept 

-1 3.141 
-1 2.954 
-1 2.01 6 
-10.896 
-1 3.851 
-1 2.944 
-1 2.454 

h) 
W 



W 
0 

Rank 

1 

3 
4 

2 

TABLE X.- COMPARISON OF CORRELATION COEFFICIENTS OF MEAN SUBJECTIVE 

t-statistic 
Rating scale 

IPNLT IPL1 IPNL ILD ILA IOASPL IPL2 

------- IPNLT 
IPLl 3.862** _ _ _ _ _ _ _  
IPNL 5.182** 1 .694ns ------- 
ILD 5.842** 4.928** 4.500** ----___ 

JUDGMENTS WITH DURATION-CORRECTED RATING SCALES 

(a) All stimulia 



I 

2.587* . 686ns 0. 522ns 

TABLE X.- Continued 

(b) Stimuli without tonesa 

---- 

t-statistic 
Rank Rating scale t 

IPLl ! IPL2 1 IPNL IPNLT IOASPL ILA ILD I 
i- 

1 
2 

I ------- IPLl 
IPL2 ' 1 .76lnS 

3.669** 
IPNLT 4.380** 
IOASPL IPNL I 2.255* 
ILA 2.976** 
ILD I 6.340** 

------- 
0.11 5ns 
.152ns . 556ns 
.41 ons 

1 . O7Ons 

------- 
0.1 33ns 
. 258ns 
.733"S 

2.508* 

ans indicates not significant; * indicates significant at 0.05 level (t24 = 2.064); 
and ** indicates significant at 0.01 level (t24 = 2.797). 



W 
h) 

Rank 

1 
2 

TABLE X.- Concluded 

Rating scale 
IPLl IPNL 

- - - - - - - IPL 1 
------- IPNL 0. 963ns 

(c) Stimuli with tonesa 

3 ILD 1 .407ns 

5 IPNLT 2.759* 
' 4  1 LA 2.076" 

O.81Ons 
1.555"s 
2.999** 

t-statistic 

IPNLT IPL2 IOASPL /L 
------- 

1 .255ns 1 .587ns 
2.460* ' 1.332ns 
0-364ns I 

7 IPL2 3.135** ' 2.606" 3.441** 1.565ns , .857"S 0.235"s 

an, indicates not significant; * indicates significant at 0.05 level (t24 = 2.064); 
and ** indicates significant at 0.01 level (t24 = 2.797). 



TABLE XI.- RESULTS FROM ANALYSIS OF COVARIANCE TECHNIQUE FOR INTERACTION 

OF DURATION WITH LEVEL AND OF TONAL CONTENT WITH LEVEL 

1 Rating scale 

OASPL 

PNLT 

PL2 

Duration with level 

F- s tati s tica 

Slope 

1 .43ns 
1 .ions 
1 .16ns 
1 .04ns 
2. 05ns 
.95"S 

1 .3gnS 

Mean 

1 1  .45i 
14.86i 
17.77i 
20. 38i 
41 .71i 

11.15i 
19.1ot 

~ 

Tonal content with level 

Rating scale F-s ta tis t ica I 
Slope ~ 

IOASPL 
IL A 
ILD 

IPLl 
IPL2 

I PNL 
IPNLT 

6.88" 
6.97* 
6.37* 
7.00" 
5.20* 
7.62** 
8.93** 

indicates not significant at 0.05 level (F2,48 = 3.19); ? indicates significant 
at 0.01 level (F2,50 = 5.06); * indicates significant at 0.05 level (F1,50 = 4.03); and 
** indicates significant at 0.01 level (F1,50 = 7.1 7). 
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Figure 1.- Confounding of parameters associated with recordings of real aircraft noise. 
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Figure 2.- B l o c k  diagram of aircraft-noise synthesis system. 
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Figure 3.- Experiment design. Noise duration denotes the time between the first and last points 
at which the noise signal is 10 dB down from the maximum sound level. 
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Figure 4.- Continued. 
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Figure 5.- Range and mean of 1/3-octave band levels of stimuli occurring 
at and normalized by maximum A-weighted sound pressure level. 
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Figure 7.- Subjects i n  exterior effects room of the 

Langley aircraf t  noise reduction laboratory. 
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